


atmosphere.Moreover, thephenomenaareinherentlytime dependentandinvolve a wide temperature
range. Thus, the simplificationsemployed in ALOFT andits generalizationscannot be usedin the
presentanalysis.

Thenext sectionpresentsa hydrodynamicmodelthatcontainsthecomponentsneededto addressthis
problem. The modelconsistsof a versionof the authorsthreedimensionalenclosurefire model3 � 4 � 5,
modifiedto accountfor astratifiedatmosphere.Thechangeis requiredbecausetheclassical“low Mach
number”combustionequationsusedfor enclosurefiresassumethatthepressureis a smallperturbation
abouta spatiallyuniform statethatcanvary with time asheatfrom thefire is addedto thesystem7. In
thepresentscenario,thefire-inducedpressureis a perturbationabouta vertically stratifiedpressurein
approximatehydrostaticbalancewith prescribedambientwind andtemperaturefields. Topographical
featuresandthebuilt environmentareaccountedfor by blockingportionsof thecomputationaldomain
to ensurenoflux throughsolidboundaries.

This is supplementedby a radiative transportmodeldescribedin the third section. The radiationis
emittedasa prescribedfraction of the chemicalenergy releasedin eachLagrangianelementusedto
describethe fire energy input. This fraction, typically in the thirty to thirty five percentrange,is the
sameasthatusedpreviously in thepresentauthorsearlierstudiesof enclosurefires. Thedifferenceis
thata fractionof thefuel massin eachburningelementis convertedto soot.Thesootthusintroducedis
allowedto absorbradiantenergy. Theradiantenergy flux arriving on thetargetsurfaceis calculatedby
summingtheexactsolutionto the radiative transportequationfor a discretesetof point emitterswith
a prescribedenergy release.Theeffect of theabsorptionon theplumehydrodynamicsis accountedfor
by usingtheanalyticalsolutionto calculatethedivergenceof theflux from thesamerandomsampleof
Lagrangianelementsusedto computethesurfaceheattransfer. A checkfor self-consistency is madeby
notingthatthefractionof thecombustionenergy releasedarriving asradiationon thetargetsurfacesis
closeto thatestimatedfrom crudeoil experiments8.

The approachdescribedabove preservesthe the efficiency andaccuracy of the authorsearliersmoke
plumecalculations4 � 5, andensuresthattheradiative transportis calculatedfrom anaccurateestimateof
the energy emittedratherthanfrom thebulk temperaturefield. This distinctionis importantfor three
reasons.First, theradiantenergy is actuallyemittedasaresultof thesamesub-gridscaleprocessesthat
govern thecombustionenergy release.Theseprocessesareno moreaccessibleto computationat the
grid resolutionthanthe combustionphenomenasimulatedby theLagrangianelements.Second,even
if thebulk temperatureswererepresentative of thosein the individual flameswheretheenergy release
actuallytakesplace,thereis no reasonto believe they couldbe calculatedwith sufficient accuracy to
preventseriouserrorsin theradiative transportcomputation.Finally, theassumptionthatall radiationis
emittedfrom a discretesetof point sourcespermitsanexactsolutionto theradiative transportequation
to beemployed,eliminatingtheneedfor detailedcomputationsto solve this equation.Theresultis a
fully coupledsolutionto boththefluid dynamicsandradiative transportequationsthatretainsbothhigh
resolutionandreasonablecomputercosts.

In the fourth section,themodelis appliedto a studyof theradiative flux inducedby firesburning the
contentsof anoil storagetank in a 3x3 array. Eachtanksitspartially depressedin a spill containment
trenchsurroundedby a slopingembankment.Two possiblefire scenariosareconsidered.Thefirst is a
fire on the top of the tank,maximizingthewind effect on theflameshape.Thesecondis a fire in the
containmenttrench,which maximizestherole of the tankconfiguration.For eachscenario,two wind
speedsareconsidered.Thewind speedprofileandthermalstratificationof theatmosphereareselected
to be representative of the atmosphericboundarylayer understableconditionsprevalent in northern
winterclimates.



OUTDOOR FIRE MODEL

The startingpoint is the equationsof motion for a compressibleflow in the low Mach number
approximation.However, theequationsasdevelopedbyRehmandBaum7 mustbemodifiedto allow for
anambientpressureP0

�
z � , temperatureT0

�
z � anddensityρ0

�
z � thatvarywith heightz in theatmosphere

in theabsenceof thefire. Their equationsassumethat thefire inducedpressureis a smallperturbation
aboutthe time dependentspatialaverageof the pressurein anenclosure.For thepresentapplication,
the fire inducedpressurep̃ is a small perturbationaboutP0

�
z � . The ambientdensityandtemperature

arerelatedto P0
�
z � by theequationof stateandthe assumptionof hydrostaticbalancein the ambient

atmosphere.Theequationsexpressingtheconservationof mass,momentum,andenergy thentake the
form:
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Here,ρ is the density, �u the velocity, T the temperature,and p̃ the fire inducedpressurein the gas.
Theunresolvedmomentumflux andviscousstresstensorsarelumpedtogetheranddenotedby τ. The
quantity �ω is the fluid vorticity. The vertical componentof the velocity is denotedby w in equation
(3) andthehydrostaticrelationbetweenP0 andρ0 hasbeenusedin equation(2). Thespecificheatis
denotedbyCp. Similarly, theunresolvedadvectedenergy flux, theconductionheatflux, andtheradiant
energy flux aredenotedby �q, while theconvective heatreleaseperunit volumeis q̇c. Theseequations
aresupplementedby modelsfor τ ���q, andanequationof state:

P0
�
z ��� ρ� T (4)

The energy andmomentumequationscanbe thoughtof asadvancingthe time evolution of the tem-
peratureandvelocity respectively. However the pressureperturbationdoesnot obey an explicit time
evolutionequation.Instead,it is thesolutionof anelliptic equationdeterminedby thedivergenceof the
velocityfield. Thisquantityin turn is determinedby themassandenergy conservationequations.

Theequationspresentedabove alsorequiremodelsfor τ and �q, aswell asa representationof theheat
releasefrom the fire. Two approachesto the unresolved stresseshave beenused. The bulk of the
large eddysimulationsperformedto dateusea constanteddyviscosity6. This is sufficiently accurate
providedthattwo conditionsaremet:First,thegrid employedmustbefineenoughto capturethemixing
at the scaleswherethe eddyviscosity is effective. Second,thesescalesmustbe muchsmallerthan
thecharacteristicplumescaleD ��� �

Q � ρ0CpT0 � g � 2� 5 (seeRef. 5). Alternatively, thesecondof these
conditionscansometimesberelaxedif a moreelaboratesub-gridscalemodelis used.Thecalculations
reportedbelow usetheSmagorinsky model9 wherethesub-gridscaleReynoldsstresstensortakesthe
form:

τi j � 2ρ
�
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TheconstantCs � 0 � 14,andthegrid lengthscale� � �
δxδyδz � 1� 3. In fact,theresolutionemployedin

thecalculationsis sufficiently high (a 128x128x128grid is usedwith eachtanktop inscribedwithin a
14x14arrayof cells) for eithermodelto give essentiallythesameresults.Theunresolved convective
heatflux isdescribedin termsof aneddyconductivity whichis relatedto theeddyviscositybyaconstant
Prandtlnumberof 0.7.



Finally, the chemicalheatreleasefrom the fire is representedby a large numberNp of Lagrangian
thermalelementswhosemathematicalrepresentationtakestheform6

q̇c � Np

∑
i � 1

�
1 	 χr � q̇i

�
t � δ � �r 	 �ri � (6)

Here,δ denotesthe Dirac deltafunction, �ri is the locationof the ith element,q̇i the net rateat which
chemicalenergy is depositedby thatelementin thegas,andχr is the fractionof thechemicalenergy
convertedinto thermalradiation.Thedivergenceof theradiative heatflux vector �qR, whichcouplesthe
radiative andconvective transport,is calculatedfrom thepoint sourcesolutionto theradiative transport
equation.Thispoint is discussedin greaterdetailbelow.

RADIATION TRANSPORT

A numberof approximatetechniquesareusedfor thetreatmentof radiativetransportin otherpresent
dayCFD basedfire simulations.Theseinclude,thesix flux model10 for two-dimensionalandthedis-
cretetransfermethod11 for three-dimensional(but assumedcenterlinesymmetry)simulationsof grey
gasenclosurefires. For their two-dimensionalflamespreadsimulationsYanandHomstedt12 approx-
imatethe spectraldependenceby combininga narrow-bandmodelwith the discretetransfermethod.
Anothermethod,usedby Bressloff et al.13 in their axisymmetricsimulationof a turbulent jet diffusion
flame,is to incorporateaweightedsumof grey gasessolutioninto thediscretetransfermethod.Thedif-
ferentdiscretetransferapproachesvarymostlyaccordingto thedegreeto whichthespectraldependence
of theradiationis included.

Computationalcost limits the complexity of the radiationmodel that can be employed in most fire
simulations.Themodelpresentedhereis motivatedby thesameconsiderations.Thesimulationsusing
discretetransfermethodscitedabove have mostlyinvolvedCFD computationswith gridsof O

�
103 � 	

O
�
104 � cells.Whengridsof thesizeusedin thepresentcomputationsareused,discretetransfermethods

are lessattractive. If k rays are launchedfrom eachof N2 boundarypoints in a threedimensional
simulation,k mustremainfixedasN increases.Thisconditionis neededto ensureenoughraystraverse
a given cell in the interior of the computationaldomainto accuratelyestimatethe net radiantenergy
absorbedby the gasin that cell. Moreover, the numberof timesthe computationmustbe performed
increaseslinearlywith N, asdoesthecomplexity of thecalculationof eachray. Sincethis taskbecomes
prohibitively expensive for computationsinvolving O

�
106 � cells,additionalapproximations(employed

evenin someof thesimulationscitedabove) mustbemade.Thesetypically involve eitherreducingthe
numberof rayslaunchedfrom a boundarycell or not updatingtheradiationcalculationon every time
step. The result is that the couplingof the radiationto the convective transportis approximatedless
accuratelythaneitherof theseparatecalculationsof thetransportprocesses.

Thepresentradiative transportmodeladaptstheideaof asetof discreteemittersto thelargeeddysimu-
lationtechniquesdevelopedearlier. Theanalysisis basedontheassumptionthataprescribedfractionof
theheatreleasedfrom eachthermalelementusedto describethefire is radiatedaway. Thisemittedflux
χr q̇i is assumedto betheactual radiantenergy flux emittedlocally by thethermalelement.Typically,
this is aboutthirty-five percentof the energy liberatedby combustion processes.More importantly,
this fraction canbe estimatedfrom small scaleburnsof a given fuel, wherethe absorptionby smoke
particulatemattercanbeneglected.

For agivenpoint �rs on thetargetsurface,theradiative flux qR is givenby:
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Here, �n is aunit normalto thesurfaceat thepoint �rs, andNp is thetotalnumberof radiatingelementsat
theinstantin question.Thedivergenceof theradiantheatflux to ageneralpoint �r from thesamesetof
pointemittersis givenby:
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Theabsorptioncoefficient κ
� �r � is takento bethePlanckmeanabsorptioncoefficient for sootascalcu-

latedby AtreyaandAgrawal14.

κ � 11� 86 fv T � 11� 86Ys
ρT
ρs

�
cm% 1 � (10)

The sootvolumefraction fv or massfractionYs is calculatedby assuminga fixed fraction of the fuel
burnedin eachLagrangianthermalelementis converted to soot. Thus, at any instantof time, the
amountof sootparticulateassociatedwith eachelementis known. Eachtime theradiationheattransfer
is calculated,this informationis smoothedinto thegrid andκ evaluatedfor eachcell. Sincetheproduct
ρT dependsonly ontheambientpressure,andthesootparticulatedensityρs is fixed,κ only varieswith
thelocalsootmassfraction.

Notethatequations(7), (9), and(8) constituteanexactsolutionfor theradiantheatflux andits diver-
gencein thesensethat the angularintegrationshave beencarriedout without approximation.Hence,
thereis no “ray effect”. The computationaltaskreducesto evaluatingthesumover thermalelements
for eachtarget point. The sumsarecalculatedasa runningaverageover several time steps.At each
step,a randomsampleof O

�
102 � elementsis chosen,andthesumis carriedout andsuitablyweighted

to accountfor all theemittedradiation.Thedivergenceis calculatedat thecenterof each2x2x2block
of cellsin thecomputationaldomainthatcontainssoot.Thenumberof elementssampledpertimestep
andthenumberof time stepsin theaveragewerechosensothat theproductwould yield at least1000
termsin thecontribution to eachtargetpointon thesurfaceor in thesmoke plume.Theaveragingtime
mustbeshorterthaneithertheplumepulsationtimeor thesurfacethermalresponsetime to ensurethat
theresolvablelargescalefluctuationsareincorporatedin thecomputations.

RESULTS AND DISCUSSION

Themathematicalmodeldescribedabovewasusedto studytheradiationheatflux from afire either
on top of or surroundinganoil storagetank. Thefigureson the following pagesdisplaytheresultsof
four simulationsperformedfor thisstudy. A numericalgrid consistingof 128by 128by 128cellswas
usedto spanacubicdomain768m ona side.Thecell sizewas6 m by 6 m in thehorizontaldirections
andrangedfrom 3 m nearthegroundto 12m at thetopof thecubein thevertical.Thediameterof each
tankwas84m, theheight27m. Thesetankswereincorporatedinto thecalculationby “blocking” cells.
Becauseboundarylayersarenotresolvable(excepttheplanetaryboundarylayer)at thisgrid resolution,
thereis little penaltyin assumingthat thetankwalls arenot smooth,but ratheraresaw-toothed.Each
tankwasdepressedbelow groundlevel andsurroundedby anembankmentof height9 m. Thegeometry
of eachtankandits associated“trench” weremodeledon theoil storagefacility of theJapanNational
Oil CorporationatTomakomai.No attemptwasmadeto simulatetheentirefacility, whichcontainsover
80 tanks.



FIGURE 1: Instantaneoussnapshotof a tank fir esimulation with the wind speed6 m/sat the tops
of the tanks and the fir e in the trench.

FIGURE 2: Ground level radiati ve flux. FIGURE 3: Radiative flux in burning trench.



FIGURE 4: Instantaneoussnapshotof a tank fir esimulation with the wind speed6 m/sat the tops
of the tanks and the fir e on the tank.

FIGURE 5: Ground level radiati ve flux. FIGURE 6: Radiative flux on the tank top.



FIGURE 7: Instantaneoussnapshotof a tank fir e simulation with the wind speed12 m/s at the
topsof the tanks and the fir e in the trench.

FIGURE 8: Ground level radiati ve flux. FIGURE 9: Radiative flux in burning trench.



FIGURE 10: Instantaneoussnapshotof a tank fir e simulation with the wind speed12 m/s at the
topsof the tanks and the fir eon the tank.

FIGURE 11: Ground level radiati ve flux. FIGURE 12: Radiative flux on tank top.



A stratifiedwind profileof theform

u
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(11)

wasimposedasa boundarycondition. The wind speedu0 at theheightof the tanks(z0 � 27 m) was
6 m/sfor two of thesimulationsand12m/sfor theothertwo. Theexponentp, a functionof thesurface
roughness,was0.15. The temperatureof the ambientatmospherewasassumedto be uniform with
height(20' C), althoughany resolvabletemperatureprofilecanbeinput. Thefire waseitherassumedto
beengulfingtheentiretop of the tank,burningwith a heatreleaserateof 1,000kW/m2, for a total of
5.3 GW; or burningspilledoil in the trenchfor a total of 12.1GW. The fractionof thechemicalheat
releaserateconvertedinto thermalradiationandemittedfrom thethermalelementswasassumedto be
35%.

Figures1, 4, 7, and10 show instantaneoussnapshotsof theLagrangianelementsthatrepresentthefire
plumein the simulations.The bright coloredelementsareburning; releasingenergy into thegasand
the radiationfield. Thus,the compositeburning elementsrepresentthe instantaneousflamestructure
at the resolutionlimit of thesimulation. Thedarkcoloredelementsareburnt out. They representthe
smoke andgaseouscombustionproductsthatabsorbtheradiantenergy from theflames.It is important
to understandhow muchof theemittedradiantenergy is re-absorbedby thesurroundingsmoke. The
magnitudeof this smoke shieldingcanberealizedby computingthe radiative flux to the surrounding
tanks.For thecaseof theburningtanktop in a 6 m/swind (Fig. 1), theradiative flux to thesideof the
downwind tankwas1.6 kW/m2. A testcalculationwasperformedin which no thermalradiationwas
absorbedby thesmoke. For thiscase,theflux to thedownwind tankwas9.0kW/m2. Thustheeffective
radiative fractionis

�
1 � 6� 9 � 0��
 35%or about6%. Thisestimateis consistentwith themeasurementsof

Koseki8. Notethattheactualmeasurementsweremadefrom a singlepoint usinga detectorthat“saw”
theentireplume. Thus,it is essentiallythesamequantityasthatcalculatedin thepresentpaper. The
interpretationof thisresultasaglobal estimateof theradiative fractioninvolvesadditionalassumptions
thatwill notbemadehere.To explorethispoint further, aseparatesimulationof averticalplumein the
absenceof any wind wasperformed.Theconvective energy flux at several heightsabove thefire bed
wascalculated.Theenergy flux wasconsistentlyapproximately94%of thetotalheatreleaseratein the
fire. Thismeansthatof theoriginal35%releasedasthermalradiation,29%wasreabsorbed.

Thecombinedeffectsof wind andgeometryareapparentin thefiguresbelow. Theintenseradiationis
largely confinedto thecontainmenttrenchesfor thosefiresoriginatingin thetrenchregardlessof wind
speed.Comparisonof Fig. 3 with Fig. 9 showsthattheradiationlevelsin thetrencharehigherandmore
uniformly distributedfor the6 m/swind thanfor thehigherwind speed.At thehigherspeed,theflames
andsmoke areshiftedsomewhatmoredownwind. As a result,theupwindsurfaceis moreexposedto
the flameradiation,andthe downwind surfacemoreshieldedby the smoke, skewing the surfaceflux
contours. Figures5 and11 show that the tank top fires generatedownwind and lateralgroundlevel
fluxes,althoughthemostintenseradiationis backto theburningsurface.Thefluxesin thefirebedfor
the tank top firesareshown in Figures6 and12. Thepeakvaluesareabout10 kW/m2 higherfor the
tanktop firesthanfor thetrenchfires. Moreover, thehigherwind exposesmoreof theupwindtanktop
surfaceto unshieldedflamesandblockingmoreof theradiationonthedownwindportionof thesurface
thanin thelowerwind case.

The calculationssimulated180 secondsof real time with an averagetime stepof 0.09seconds.This
requiredfrom approximately29 to 48 hoursof CPUtime persimulation,dependingon thenumberof
radiatingelementschosenpertimestep.Theradiative transportcalculationwastestedby selectingfrom
50 to 200elementspertimestepandusinga5 to 20 timesteprunningaverage.Theradiationtransport
consumedabout20% to 50% of the total CPU time. The 5 time stepaveragingperiodcorresponded
to lessthan10%of thepulsationperiodof thefire plume. Theresultsfor theradiative transportwere



insensitive to thechoiceof averagingtimewithin thisparameterrange.All calculationswereperformed
onanIBM RS6000model595server. Approximately600MBytesof memorywasused.

Theaboveexamplesillustratethecomplex interactionbetweenthetopography, theambientatmosphere,
andthefire dynamics.Evenfor therelatively simpleconfigurationchosenfor studyhere,therearemany
factorsthatstronglyaffect theresultingfire dynamics.Theambientwind andtemperaturefieldsmust
playat leastassignificantaroleasthey do in thedownwindsmokedispersiondescribedby theALOFT
code.Thepresenceof naturaltopographicalfeaturesin thevicinity of thestoragetankswould further
modify theflow patterns,andhencetheradiationfields.Ratherthanarbitrarilychoosingtopographical,
structural,andmeteorologicalfeaturesto simulate,it would seemto make moresenseto couplethe
emerging simulationcapabilityto databasesthat describethe actualbuilt environmentandassociated
topography. Similarly, arbitraryprescriptionsof theambientatmospherecouldbereplacedwith local
meteorologysimulationsbasedon databasesand computermodelsin useby the weatherprediction
community. Theresultwould bea simulationcapabilitythatcouldbeusedroutinelyto predictthefire
hazardsresultingfrom naturalor manmadedisastersin therealworld.
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